Introduction
Alloreactive CD8 ϩ T cells play a crucial role in graft-versus-tumor (GVT) responses after allogeneic stem cell transplantation (alloSCT) and donor lymphocyte infusion (DLI). 1, 2 In human leukocyte antigen (HLA)-matched alloSCT, these alloreactive CD8 ϩ T-cell responses are directed against minor histocompatibility antigens (MiHAs), which are HLA-bound peptides derived from polymorphic genes that differ between donor and recipient. 2, 3 Upon infusion into the preconditioned patient, donor-derived MiHAspecific CD8 ϩ T cells clonally expand and become effector cells, which subsequently have the capacity to target MiHA-expressing malignant cells. 4 After the primary immune response, most MiHAreactive CD8 ϩ T cells die through apoptosis, and only a small pool of long-lived memory cells that is able to respond quickly upon reencounter of the antigen survives. 5 Importantly, we and others have shown that after DLI, the emergence of MiHA-specific CD8 ϩ effector T cells coincides with a decrease in the number of malignant cells. [6] [7] [8] Moreover, years after the initial response, MiHA-specific CD8 ϩ memory T cells can still be detected, playing an important role in protective immunity in transplanted patients. However, these alloreactive CD8 ϩ memory T cells do not always respond efficiently to recurring tumor cells and this failure may contribute to the occurrence of tumor relapses. 6 This lack of responsiveness may result from inefficient memory T-cell activation due to absence of effective antigen presentation, impaired costimulation and/or enhanced signaling by coinhibitory receptors. Interestingly, we recently found that the programmed death (PD)-1/ PD-ligand (PD-L) axis is involved in inhibiting the function of MiHA-specific CD8 ϩ T cells upon their engagement with PD-L1 expressing myeloid leukemia cells and dendritic cells (DCs; Norde et al, manuscript in preparation).
PD-1 is a coinhibitory receptor that is inducibly expressed by T and B cells upon activation. Engagement of this receptor with either of its ligands, PD-L1 (B7-H1; CD274) and PD-L2 (B7-DC; CD273), results in phosphorylation of the cytoplasmic tail and negatively regulates T-cell receptor (TCR)-induced cytokine production and proliferation via the phosphatidylinositol-3 kinase pathway. 9, 10 Whereas PD-L2 expression is mainly restricted to activated lymphocytes and antigen-presenting cells (APCs), such as DCs and macrophages, PD-L1 is also expressed by many nonlymphoid tissues and tumor cells. 9, 11 In the past few years, a crucial role for the PD-1/PD-L1 pathway has been demonstrated in chronic viral infections, such as HIV and hepatitis C virus (HCV). [12] [13] [14] [15] It has been shown that HIV-and HCV-specific T cells have increased PD-1 expression, resulting in functional exhaustion of these cells. Moreover, PD-1/PD-L interactions have been implicated in the functional impairment of tumor antigen-reactive CD8 ϩ T cells in solid tumors and chronic myeloid leukemia. [16] [17] [18] Therefore, tumor cells may exploit the same pathway to escape eradication by MiHA-specific CD8 ϩ memory T cells after alloSCT.
DC vaccination therapy would be an appealing strategy to revive functionally inactive MiHA-specific CD8 ϩ memory T cells and, by this means, restore an effective immune response against recurring or persistent MiHA-expressing tumor cells. DCs have been widely exploited as adjuvants in vaccination therapy because of their capability to effectively initiate and reactivate T cell-based immune responses. In GVT and graft-versus-host disease (GVHD) responses, the process of alloreactive T-cell stimulation and activation is also orchestrated by MiHA-presenting DCs. 19 Currently, the most commonly used cell source for DC generation is peripheral blood monocytes, because high numbers of monocytes can be easily obtained and differentiated into mature DCs (mDCs). 20, 21 Using interleukin (IL)-4 and granulocyte-macrophage colony-stimulating factor (GM-CSF), immature DCs (iDCs) are obtained after 5-7 days of culture, followed by 2 days of maturation in the presence of a cytokine cocktail containing IL-1␤, IL-6, tumor necrosis factor ␣ (TNF-␣), and prostaglandin E2 (PGE2). Upon maturation, the expression of peptide-HLA complexes is increased, and many accessory molecules involved in cell adhesion, cell migration, and costimulation are acquired. For instance, CCR7 plays an important role in DC migration to draining lymph nodes, whereas adhesion molecules CD54 and CD58 are involved in T-cell activation. 22 Furthermore, mature DCs have a high expression of costimulatory molecules CD80, CD86, and inducible T-cell costimulator ligand (ICOS-L). However, coinhibitory molecules, such as PD-L1, PD-L2, herpes virus entry mediator (HVEM), and B7-H3, are also highly up-regulated. Expression levels and interactions of these co-stimulatory and -inhibitory ligands, with their counterreceptors on T cells, ultimately determine the turn of the balance toward antigen (Ag)-specific T-cell activation or inhibition. [22] [23] [24] Here, we investigated whether the knockdown of PD-1 ligands in monocyte-derived DCs results in improved T-cell function. We identified small-interfering RNAs (siRNAs) that efficiently silenced PD-L1 and PD-L2 expression after electroporation of iDCs. We demonstrated that PD-L gene silencing resulted in significant improvement of interferon (IFN)-␥ and IL-2 production, and proliferation of keyhole limpet hemocyanin (KLH)-experienced T cells. Moreover, PD-L knockdown DCs showed superior potential to expand PD-1-expressing MiHA-specific CD8 ϩ effector and memory T cells from leukemia patients shortly after DLI and, later, during relapse. Together, these findings indicate that PD-Lsilenced DCs are attractive cells for improving the efficacy of DC vaccines in cancer patients.
Methods

Patient and donor material
Peripheral blood mononuclear cells (PBMCs) were isolated from healthy donor buffy coats (Sanquin Blood Bank). Blood samples were collected after written informed consent was obtained in ongoing clinical SCT and DC vaccination protocols, approved by the Radboud University Nijmegen Medical Center (RUNMC) Institutional Review Boards. PBMC containing KLH-specific T cells were obtained from multiple myeloma (MM) patients vaccinated with autologous DC, pulsed with KLH as an adjuvant and immune monitoring tool, and various tumor-associated antigens in an ongoing clinical trial. These patients received 3 DC vaccines intravenously and intradermally with biweekly intervals. PBMCs obtained 2 weeks after the second vaccination were used for functional studies, and DCs were cultured from autologous apheresis material collected before the start of vaccination therapy. To examine the stimulatory capacity of PD-L knockdown DCs on MiHA-specific T-cell responses, we used PBMCs obtained from 3 leukemia patients who developed a MiHA-specific CD8 ϩ T-cell response after DLI. Patient UPN543 suffered from an acute myeloid leukemia (AML) and developed a strong LRH-1-specific CD8 ϩ T-cell response upon preemptive DLI. Then, the patient remained in complete clinical and cytogenetic remission until 3 years after DLI, whereupon extramedullary relapses developed without leukemic involvement in the bone marrow. 25, 26 Patient UPN640 had a blast crisis (BC) chronic myeloid leukemia (CML) and was treated with preemptive DLI after alloSCT. This resulted in a HA-1-specific CD8 ϩ effector T-cell response. The third patient (UPN389) suffered from an accelerated-phase (AP) chronic myeloid leukemia (CML) and was successfully treated with therapeutic DLI after alloSCT. After DLI, a LRH-1-specific CD8 ϩ T-cell response was observed, which coincided with remission of CML-AP. 6, 26 However, despite the long-term presence of LRH-1-specific CD8 ϩ memory T cells, the patient relapsed 4 years after DLI. Because no apheresis material of the corresponding donors was available, DCs were cultured from apheresis material of allogeneic HLA-B7 ϩ LRH-1 Ϫ or HLA-A2 ϩ HA-1 Ϫ donors. All cells of healthy donors and patients were obtained after written informed consent.
Cell culture
LRH-1-specific CD8 ϩ cytotoxic T lymphocyte (CTL) culture RP1 was isolated from CML-AP patient UPN389 and recognized the 9-mer epitope, TPNQRQNVC, in the context of HLA-B*0702. CTL RP1 was cultured as described previously. 6, 25 Recipient and donor Epstein-Barr virus (EBV)-transformed lymphoblastoid cell lines (LCLs) of patient UPN389 were cultured in Iscove modified Dulbecco medium (IMDM; Invitrogen) supplemented with 10% fetal calf serum (FCS; Integro).
Generation of monocyte-derived DCs
Monocytes were isolated from PBMCs via plastic adherence in tissueculture flasks (Greiner Bio-One). Immature DCs were generated by culturing monocytes in X-VIVO-15 medium (Lonza) supplemented with 2% human serum (HS; PAA Laboratories), 500 U/mL IL-4 (Immunotools), and 800 U/mL GM-CSF (Immunotools). After 2-3 days, half of the medium was replaced with fresh X-VIVO-15/2% HS medium containing 1000 U/ mL IL-4 and 1600 U/mL GM-CSF. Maturation of DCs was induced at day 6-7 by culturing 0.5 ϫ 10 6 immature (electroporated) DCs/mL in 6-well plates (Costar; Corning) in X-VIVO-15/2% HS containing 500 U/mL IL-4, 800 U/mL GM-CSF, 5 ng/mL IL-1ß, 15 ng/mL IL-6, 20 ng/mL TNF-␣ (all Immunotools), and 1 g/mL PGE2 (Pharmacia & Upjohn). At day 8, mature DCs were harvested and used for T-cell stimulation, unless stated otherwise.
Stealth siRNA duplexes
Three different PD-L1 and PD-L2 Stealth siRNA duplexes and 2 recommended Stealth negative control siRNA duplexes, for either low or medium GC content, were obtained from Invitrogen. The PD-L1 siRNA and PD-L2 siRNA target sequences are listed in Table 1 . All siRNAs were dissolved or diluted to a concentration of 25M in diethyl pyrocarbonate (DEPC) water (Invitrogen) and subsequently stored at Ϫ20°C. For personal use only. on December 27, 2017. by guest www.bloodjournal.org From
DC electroporation
Immature DCs were harvested at days 6-7, then washed once with Hanks balanced salt solution (HBSS; Lonza) and twice with phenol red free Optimem buffer (Gibco Invitrogen). Cells were resuspended in Optimem buffer and Յ 7.5 ϫ 10 6 cells were transferred to a 0.4-cm gene-pulser cuvette (Bio-Rad). Subsequently, 0.25 nmol of a single siRNA or, in the case of double knockdown, 0.125 nmol per siRNA, was added. DCs were electroporated at 300 V, 150 F using a Bio-Rad Genepulser II. Directly after electroporation, cells were resuspended in prewarmed phenol red free X-VIVO-15/7% HS and incubated at 37°C. After 1 hour, phenol red free medium was replaced with conventional maturation medium. Cells were cultured for 1 to 5 days.
RNA isolation and real-time quantitative reverse-transcription PCR
Total RNA was isolated from mature PD-L knockdown DCs using the Quick-RNA-miniprep (Zymo Research Corporation). cDNA synthesis and polymerase chain reaction (PCR) amplification were performed as previously described. 27, 28 The hydroxymethylbilane synthase (HMBS) housekeeping gene was used to normalize gene expression. One microliter of cDNA was amplified in a 50-L reaction mixture containing 1.25 U AmpliTaq Gold (Applied Biosystems), 300nM gene-specific forward and reverse primer, 100-300nM gene-specific Taqman probe (100nM for PD-L2 and 300nM for PD-L1 and HMBS), 250M of each deoxynucleotide triphosphate (dNTP), 5mM MgCl 2 , and 1ϫ Taqman PCR buffer (Applied Biosystems). The following gene-specific primers and Taqman probes were used: PD-L1; PD-L1 FW 5Ј-CATCTTATTATGCCTTGGTGTAGCA-3Ј, PD-L1 RV 5Ј-GGATTACGTCTCCTCCAAATGTG-3Ј and PD-L1 MGB probe 5Ј-(TET)-ACATTCATCTTCCGTTTAAG-3Ј, PD-L2; PD-L2 FW 5Ј-CAACTTGGCTGCTTCACATTTT-3Ј, PD-L2 RV 5Ј-TGTGGTGACAG-GTCTTTTTGTTGT-3Ј and PD-L2 probe 5Ј-(TET)-TTCATAGCCACAGT-GATAGCCCTAAGAAAACAACTCT-(TAMRA)-3Ј, HMBS; HMBS-FW 5Ј-GGCAATGCGGCTGCAA-3Ј, HMBS-RV 5Ј-GGGTACCCACGC-GAATCAC-3Ј, and HMBS-probe 5Ј-(VIC)-CTCATCTTTGGGCTGTTT-TCTTCCGCC-(TAMRA)-3Ј. PCR amplification was performed using an ABI Prism 7700 (Applied Biosystems), with the following PCR conditions: enzyme activation for 10 minutes at 95°C, followed by 45 cycles of 95°C for 15 seconds, and 60°C for 1 minute. PD-L1 and PD-L2 ⌬Ct values were normalized for HMBS by calculating ⌬Ct ϭ Ct gene Ϫ Ct HMBS per sample. Finally, PD-L1 and PD-L2 mRNA expression levels were quantified relative to DCs electroporated without siRNA as follows: 2 Ϫ(⌬Ct electroporated with siRNA Ϫ ⌬Ct electroporated without siRNA) .
Flow cytometry
Phenotype and maturation state of DCs was analyzed by staining with the following antibodies: anti-CD14 (clone TÜ K4, Dako), anti-CD80 (clone MAB104), anti-CD83 (clone HB15a), anti-CD86 (clone HA5.2B7, all from Beckman Coulter), anti-PD-L1 (clone MIH1), anti-PD-L2 (clone MIH18, both from Becton Dickinson), and isotype controls IgG1 FITC/PE dualcolor control (Dako) and IgG2b phycoerythrin (PE; Beckman Coulter). LRH-1-and HA-1-specific T cells were detected by staining cell suspensions with PE-labeled LRH-1/HLA-B7 tetramers containing peptide TPN-QRQNVC and PE-labeled HA-1/HLA-A2 tetramers containing peptide VLHDDLLEA, respectively. Tetramers were kindly provided by Prof Dr Fred Falkenburg (Department of Hematology, Leiden University Medical Center, Leiden, The Netherlands). T-cell cultures were incubated with 1.5-2 g/mL tetramer for 15 minutes at room temperature. Subsequently, cells were labeled with the appropriate concentrations of anti-CD8 (ProImmune) and anti-CD3 (Beckman Coulter) for 30 minutes at 4°C. After washing with phosphate-buffered saline (PBS)/0.5% bovine serum albumin (BSA; Sigma-Aldrich), cells were resuspended in washing buffer containing 0.1% 7-amino-actinomycin D (7-AAD; Sigma-Aldrich). Cells were analyzed using the Coulter FC500 flow cytometer (Beckman Coulter).
Allogeneic mixed lymphocyte reactions (MLRs)
Allogeneic CD4 ϩ and CD8 ϩ T cells were isolated from nonadherent or complete PBMC fractions by direct magnetic labeling with the appropriate MicroBeads (Miltenyi Biotec), following the manufacturer's instructions. Cells were resuspended in IMDM/10% HS to a concentration of 0.5 ϫ 10 6 cells/mL and stimulated with maturated PD-L knockdown DCs at T cell:DC ratios ranging from 1:0.1 to 1:0.0125. These cocultures were performed in 48-well plates (Cellstar; Greiner Bio-one) in a total volume of 1 mL IMDM/10% HS. After 1-5 days of coculture, supernatant was harvested for cytokine analysis. At day 5, cells were resuspended and transferred to 96-well round-bottomed plates (Costar; Corning). Subsequently, 0.5Ci [ 3 H]-thymidine (PerkinElmer) was added to each well. After overnight incubation, [ 3 H]-thymidine incorporation was measured using a 1205 Wallac Betaplate counter (PerkinElmer).
KLH-specific T-cell activation assays
Autologous monocyte-derived DCs were cultured from apheresis material of MM patients as described above. At day 3, DCs were pulsed with or without 50 g/mL KLH (Vacmune; Biosyn Corporation). Patient PBMCs containing KLH-specific T cells were thawed, resuspended in IMDM/10% HS to a concentration of 0.5 ϫ 10 6 cells/mL, and mixed with autologous 2-day mature PD-L knockdown DCs at a T cell:DC ratio of 1:0.05. These cocultures were performed in 6-fold in 96-well round-bottomed plates (Costar; Corning) in a total volume of 200 L. After 1 and 5 days of coculture, supernatant was harvested for cytokine analysis. At day 5, proliferation was analyzed using [ 3 H]-thymidine, as described before.
MiHA-specific T-cell expansion assays
LRH-1-specific CTL RP1 was resuspended in IMDM/10% HS to a concentration of 0.05 ϫ 10 6 cells/mL and plated in 96-well round-bottomed plates (Costar; Corning). HLA-B7 ϩ PD-L knockdown DCs were loaded with or without 10M LRH-1 peptide TPNQRQNVC for 30 minutes at room temperature and, subsequently, cocultured with CTL at a stimulation ratio of 1:1 in a total volume of 200 L. After 1 day, 100 L of supernatant was harvested, and fresh IMDM/10% HS containing 100 U/mL IL-2 (Chiron) was added. At day 4, CTL proliferation was analyzed using [ 3 H]-thymidine, as described before, and supernatant was analyzed for cytokine levels.
MiHA-specific CD8 ϩ memory T cells present in PBMCs from patients UPN543, UPN640, and UPN389 were stimulated for 1-3 consecutive weeks ex vivo with unloaded or MiHA peptide-loaded PD-L knockdown DCs. Mature allogeneic PD-L knockdown or control DCs, cultured from apheresis material of a HLA-B7 ϩ LRH-1 Ϫ or HLA-A2 ϩ HA-1 Ϫ donor, were loaded with or without 5M MiHA peptide (LRH-1: TPNQRQNVC; HA-1: VLHDDLLEA) for 30 minutes at room temperature. PBMCs and DCs were subsequently cocultured at a ratio of 1:0.1 in 2 mL IMDM/10% HS in 24-well plates (Costar; Corning). After 5 days, CD4 ϩ T cells were depleted from the cultures by direct magnetic labeling with CD4 IMag beads (Becton Dickinson). CD4-depleted fractions were resuspended in IMDM/10% HS supplemented with 50 U/mL IL-2 and 5 ng/mL IL-15 (Immunotools). At day 6 or 7, cells were harvested and counted, and the percentage of LRH-1-or HA-1-specific CD8 ϩ T cells was determined by flow cytometry.
CD107a degranulation assay
PBMC cultures stimulated for 2 consecutive weeks with LRH-1 peptideloaded PD-L knockdown DCs were used in a CD107a secretion assay to determine functional recognition of the LRH-1 antigen by measuring CTL degranulation. As target cells, we used the corresponding recipient EBVLCLs and donor EBV-LCLs loaded with or without 5M LRH-1 peptide. Briefly, 2 ϫ 10 5 cells of each T-cell culture were stimulated with target cells at an effector:target ratio of 1:1 in a total volume of 500 L of IMDM/10% HS supplemented with 25 U/mL of IL-2 and 6.5 L of anti-CD107a (Becton Dickinson). After overnight coculture, the percentage of CD107a ϩ cells was determined within the LRH-1-tetramer ϩ T-cell population using flow cytometry.
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Cytokine analyses
IFN-␥ and granzyme B levels in culture supernatants were analyzed using enzyme-linked immunosorbent assays (ELISAs; IFN-␥: Pierce Endogen; granzyme B: MabTech). Release of IL-2, IL-4, IL-5, TNF-␣, and IFN-␥ by the T cells was simultaneously determined in pooled supernatant using a Th1/Th2 BD cytometric bead array (Becton Dickinson), following the manufacturer's protocol, and measured using flow cytometry.
Statistical analysis
Statistical significance of differences between PD-L knockdown DCs and medium GC siRNA control DCs were analyzed using one-way analysis of variance (ANOVA), followed by a Bonferroni posthoc test. P values Ͻ .05 were considered significant.
Results
Efficient, specific, and long-lasting siRNA-mediated knockdown of PD-L1 and PD-L2 on DCs
To determine the efficacy and specificity of 3 different siRNAs in silencing PD-L1 and PD-L2 expression on monocyte-derived DCs, we studied the magnitude, off-target effects, and duration of knockdown on mRNA and protein level. Immature DCs were electroporated with or without 0.25 nmol siRNA and subsequently cultured in maturation medium containing IL-1␤, IL-6, TNF-␣, and PGE2. All 3 PD-L1 siRNAs appreciably reduced PD-L1 mRNA levels at 2 days after electroporation, while the negative control siRNAs had no effect ( Figure 1A) . Similarly, all 3 PD-L2 siRNAs efficiently knocked down PD-L2 mRNA expression to the same extent. To validate knockdown on the protein level, we analyzed PD-L1 and PD-L2 surface expression on siRNA-electroporated DCs 2 days after maturation. PD-L1 siRNA number 2 induced the most pronounced reduction of PD-L1 cell-surface expression, resulting in an average of 21% PD-L1 ϩ DCs (n ϭ 6; Figure 1B-C) . In the case of PD-L2, all 3 siRNAs were equally effective, resulting in Ͻ 10% PD-L2 ϩ DCs. Therefore, we decided to continue with PD-L1 and PD-L2 siRNA number 2 and the accompanying medium GC-negative control siRNA. To verify that our siRNAs of interest did not affect DC maturation or have other off-target effects, protein expression levels of various maturation and costimulatory molecules were examined 2 days after electroporation. None of the molecules were affected by the siRNAs tested ( Figure 1D ). Finally, we determined the duration of the siRNA-mediated knockdown effects by assessing PD-L1 and PD-L2 protein expression over time upon DC electroporation. After 2 days, PD-L1 and PD-L2 were both maximally down-regulated by the respective siRNAs and expression remained low for at least 3 more days ( Figure 1E) . Collectively, these data show that siRNA electroporation of DCs results in efficient, specific, and long-lasting silencing of PD-L1 and PD-L2.
PD-L knockdown DCs show increased capacity to stimulate cytokine production in allogeneic MLR assays
To investigate whether knockdown of PD-L1 and/or PD-L2 using the selected siRNAs (ie, PD-L1 and PD-L2 target sequence no. 2 in Table 1 ) improved the stimulatory capacity of DCs, allogeneic T cells were cocultured for 5 days with mature PD-L knockdown DCs. Thereafter, T-cell proliferation and cytokine production was analyzed. A strong, dose-dependent increase in IFN-␥ production was observed upon stimulation with PD-L knockdown DC, but PD-L knockdown DCs were not capable of improving T-cell proliferation of allogeneic CD4 ϩ or CD8 ϩ T cells (Figure 2A-B) . For CD4 ϩ T cells, IFN-␥ levels were enhanced up to 7-fold by PD-L1 knockdown DCs, whereas PD-L2 knockdown DCs only modestly improved IFN-␥ production ( Figure 2B ). Interestingly, stimulation with PD-L1/L2 double-knockdown DCs resulted in a 10-fold higher IFN-␥ production, indicating a synergistic effect when PD-L1 and PD-L2 are knocked down simultaneously. Although CD8 ϩ T cells produced less IFN-␥ than CD4 ϩ T cells, a still considerable elevation of IFN-␥ levels was observed upon stimulation with PD-L knockdown DC. Especially, PD-L1 singleand PD-L1/L2 double-knockdown DCs improved IFN-␥ levels up to 3-fold, while the increase by PD-L2 single knockdown DCs was again modest. Cytokines produced by CD4 ϩ and CD8 ϩ T cells of the same donor stimulated with allogeneic DCs at a ratio of 1:0.1 were analyzed simultaneously at days 1-5 of the coculture. Statistical analysis was performed using one-way ANOVA, followed by a Bonferroni post-hoc test. *P Ͻ .05, **P Ͻ .01, ***P Ͻ .001.
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To get more insight into the levels and kinetics of various cytokines produced by the different T-cell subsets upon stimulation with PD-L knockdown DCs, coculture supernatant was harvested over time and analyzed. Early after stimulation with DCs, allogeneic T cells started producing IL-2, while production of IFN-␥, TNF-␣, and IL-5 initiated later ( Figure 2C ). No IL-4 was produced (data not shown). Overall, highest cytokine levels were observed in cocultures with CD4 ϩ T cells. Furthermore, over time, PD-L knockdown DCs evidently elevated IL-2, IFN-␥, TNF-␣, and IL-5 production by CD4 ϩ as well as CD8 ϩ T cells. For all cytokines, the highest levels were obtained after stimulation with the PD-L1/L2 double-knockdown DCs.
Altogether, these results demonstrate that stimulation with PD-L knockdown DCs has no effect on T-cell proliferation, but profoundly enhances the cytokine production capacity of stimulated T cells in a primary allogeneic MLR.
KLH-specific T-cell responses are strongly augmented by PD-L knockdown DCs
To examine the stimulatory capacity of PD-L-silenced DCs in secondary responses by antigen-experienced T cells, we cultured PBMCs containing primed KLH-specific T cells together with autologous KLH-pulsed PD-L knockdown DCs. After 1-5 days, KLH-specific proliferation and cytokine production of DCstimulated T cells was studied. Interestingly, the proliferative capacity of primed KLH-specific T cells could be significantly boosted with PD-L knockdown DCs ( Figure 3A) . Using PBMCs from MM patient 1, all 3 knockdown DC types increased KLHspecific T-cell proliferation, whereas in patient 2, significant induction of proliferation was only seen upon stimulation with PD-L1/PD-L2 double-knockdown DCs. In accordance with the results found in the allogeneic MLR setting, stimulation with PD-L knockdown DCs resulted in increased cytokine production by KLH-specific T cells ( Figure 3B ). Stimulation with PD-L1 knockdown DCs resulted in 2-5ϫ higher IFN-␥ levels than after coculture with control siRNA DCs. Despite the modest elevation of IFN-␥ production after stimulation with PD-L2-silenced DCs, an evident synergistic augmentation (ie, 8-14-fold) of IFN-␥ levels was observed when KLH-specific T cells were stimulated with PD-L1/L2 double-knockdown DCs. Already 1 day after stimulation with KLH-pulsed DCs, IL-2 production was markedly elevated by all PD-L knockdown DC types ( Figure 3C ). Again, the most evident enhancement was seen for PD-L1 single and PD-L1/L2 dual knockdown DCs. Moreover, in PD-L1 single and PD-L1/L2 double-knockdown DC-stimulated cultures, IL-2 levels remained considerably higher up to 5 days after stimulation of the KLH-specific T cells. These data demonstrate that KLH-pulsed PD-L knockdown DCs augment proliferation and strongly increase cytokine production by primed KLH-specific T cells of DCvaccinated cancer patients.
MiHA-specific CTL expansion and function is enhanced by PD-L silenced DCs
Recently, we have observed that activated LRH-1-specific CD8 ϩ T cells express PD-1, and that in vitro antibody blockade of PD-1 signaling results in improved stimulation of LRH-1-specific CD8 ϩ T cells by PD-L1-expressing DCs and myeloid leukemia cells (Norde et al, manuscript in preparation) . To investigate the effect of Representative data of 2 of 5 patients are shown. Statistical analysis was performed using one-way ANOVA, followed by a Bonferroni post-hoc test. *P Ͻ .05, **P Ͻ .01, ***P Ͻ .001.
PD-L silencing on MiHA-specific CD8 ϩ T-cell expansion and functionality initiated by DCs, we stimulated LRH-1-specific CTL clone RP1 with PD-L knockdown DCs loaded with or without LRH-1 peptide for 1-4 days. After DC stimulation, we measured the proliferative capacity as well as production of IFN-␥ and granzyme B by LRH-1-specific CTL RP1. After 4 days of coculture, LRH-1-dependent proliferation of CTL RP1 was observed ( Figure 4A ). Single PD-L1 and dual PD-L1/PD-L2 knockdown significantly enhanced DC-mediated CTL proliferation, while the effect of PD-L2 knockdown was only modest. Furthermore, we observed increased IFN-␥ production by LRH-1-specific CTL after stimulation with all 3 LRH-1 peptide-loaded PD-L knockdown DCs ( Figure 4B ). Moreover, production of granzyme B by CTL RP1 was augmented by PD-L1-silenced DCs upon peptide recognition ( Figure 4C ). These results indicate that PD-L-silenced DCs are able to increase proliferation rate and degranulation capacity of MiHA-specific CTLs.
PD-L knockdown DCs effectively boost ex vivo expansion and function of MiHA-specific CD8 ؉ effector and memory T cells
To investigate the effect of stimulation with MiHA-presenting, PD-L-silenced DCs on MiHA-specific CD8 ϩ effector and memory T-cell proliferation, we used PBMCs from 3 different leukemia patients collected early after SCT and DLI or during relapsed disease. First, we cultured PBMCs of patients UPN543 and UPN640, both obtained 7 months after DLI during the effector response, with MiHA-presenting, PD-L-silenced DCs for 1 week. At start, PBMCs contained 0.12% LRH-1-specific and 0.14% HA-1-specific CD8 ϩ T cells, respectively. In both patients, we observed augmented percentages of MiHA-specific CD8 ϩ T cells after stimulation with MiHA-loaded, PD-L-silenced DCs, compared with control DCs (Figure 5A-B) . Although the best effects were observed upon stimulation with PD-L1/L2 double-knockdown DCs, all PD-L knockdown DC types evidently increased the number of LRH-1-specific CD8 ϩ T cells of patient UPN543 after 1 week of culture ranging from 1.5-to 2.7-fold ( Figure 5C ). In the case of patient UPN640, the effects were even more pronounced. One-week culture with PD-L knockdown DCs resulted in considerably augmented expansion of HA-1-specific CD8 ϩ T cells of up to 12-fold for PD-L1/L2 double-knockdown DCs ( Figure 5D ).
Next, we investigated the effect of repetitive stimulations with MiHA-presenting PD-L-silenced DCs on MiHA-specific CD8 ϩ memory T cells. For this, we used PBMCs from CML-AP patient UPN389 and AML patient UPN543 containing, respectively, 0.06% and 0.09% LRH-1-specific CD8 ϩ T cells, collected at 64 (UPN389) and 71 (UPN543) months post-DLI during relapsed disease. These PBMCs were stimulated for 2 or 3 consecutive weeks with LRH-1 peptide-loaded DCs, and the number of LRH-1-specific CD8 ϩ T cells was weekly determined by flow cytometry. After stimulation with LRH-1 peptide-loaded control DCs, a specific increase in the percentage of LRH-1-tetramer ϩ CD8 ϩ T cells of 8% was observed over time in patient UPN389 ( Figure 6A ). Interestingly, PD-L1 single-and PD-L1/ PD-L2 double-knockdown DCs improved LRH-1-specific CD8 ϩ memory T-cell expansion up to 12% and 29%, respectively. Surprisingly, lower percentages of LRH-1-specific CD8 ϩ T cells were detected upon stimulation with LRH-1 peptide-loaded PD-L2 knockdown DCs. Because absolute T-cell numbers and the percentage of CD8 ϩ T cells were higher in PD-L-silenced DC-stimulated cultures compared with T-cell cultures stimulated with control DCs, we also calculated the cumulative number of LRH-1-specific CD8 ϩ T cells over time ( Figure 6B ). In the first week, the fold expansion upon stimulation with PD-L1 single and PD-L1/L2 double-knockdown DCs was, respectively, 1.6 and 4.7ϫ higher than that of LRH-1 peptide-loaded control DCs. Ultimately, stimulation with PD-L1 single or PD-L1/L2 double-knockdown DCs resulted in a 2.8 and 23.3ϫ higher number of LRH-1-specific CD8 ϩ T cells by the end of week 3.
In addition, for AML patient UPN543, we observed a specific increase in the percentage of LRH-1-tetramer ϩ CD8 ϩ T cells to 0.7% upon repetitive stimulations with LRH-1 peptide-loaded DCs ( Figure 6C ). Silencing of PD-1 ligands on these DCs resulted in improved percentages of LRH-1-specific CD8 ϩ T cells of 2.5% and 10% for PD-L single and PD-L1/L2 double-knockdown DCs, compared with control DCs (0.7%). In absolute numbers, the advantage of PD-L knockdown DCs over control DCs in augmenting LRH-1-specific CD8 ϩ T-cell expansion is even more evident ( Figure 6D ). Eventually, this resulted in 13.3, 26.7, and 61ϫ higher numbers of tetramer ϩ CD8 ϩ T cells by PD-L1, PD-L2, and PD-L1/L2 double-knockdown DCs, respectively.
Finally, we studied the functional capacity of the expanded LRH-1-specific CD8 ϩ T cells of patient UPN389 after 2 weeks of stimulation with LRH-1 peptide-loaded PD-L knockdown or control DCs. These DC-stimulated CD8 ϩ T-cell cultures were incubated overnight with different target cells in the presence of anti-CD107a to determine the percentage of degranulating CD107a ϩ LRH-1-specific CD8 ϩ T cells. We observed that stimulation with recipient EBV-LCL and LRH-1 peptide-loaded donor EBV-LCL resulted in Ͼ 75% CD107a ϩ LRH-1-specific CD8 ϩ T cells ( Figure 6E ), whereas stimulation with donor EBV-LCL or medium 
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BLOOD, 25 NOVEMBER 2010 ⅐ VOLUME 116, NUMBER 22 For personal use only. on December 27, 2017. by guest www.bloodjournal.org From resulted in Ͻ 25% nonspecific degranulation of the LRH-1-specific CD8 ϩ T cells. A slight difference in degranulation capacity was seen between the LRH-1-specific CD8 ϩ T cells stimulated with PD-L knockdown DCs, in comparison to control DCs. Together, these results demonstrate that MiHA-specific CD8 ϩ effector and memory T-cell expansion can be efficiently boosted using PD-L knockdown DCs, and that these expanded MiHAspecific CD8 ϩ T cells have the capacity to degranulate upon recognition of MiHA ϩ target cells.
Discussion
Alloreactive CD8 ϩ T cells targeting MiHA on malignant cells of the recipient play a key role in GVT immunity after alloSCT and DLI. However, MiHA-specific CD8 ϩ T-cell responses induced posttransplantation are in a substantial number of patients not sufficient to sustain complete remission of the malignant disease. It is evident that distinct mechanisms are involved in dampening antitumor T-cell responses, which may allow malignant cells to escape immune destruction. Among these mechanisms, T-cell inhibition or even exhaustion due to signaling of the PD-1/PD-L pathway may contribute to abrogation of immune responses by limiting the expansion and functionality of CD8 ϩ T cells. [12] [13] [14] [15] [16] [17] [18] Recently, we showed that MiHA ϩ leukemia can relapse without inducing MiHA-specific CD8 ϩ memory T-cell expansion, suggesting that these memory T cells are either inactive or are not activated by MiHA-presenting APC. 6 ,25 Furthermore, we found that like virus-specific CD8 ϩ T cells in chronic viral infections and tumorinfiltrating T cells in solid tumors, the PD-1/PD-L pathway is involved in the impairment of MiHA-specific CD8 ϩ T-cell function (Norde et al, manuscript in preparation).
DC-based vaccination is an attractive strategy to prevent or treat recurrence of tumor cells by boosting MiHA-specific CD8 ϩ T-cell immunity. 26 Although results of DC vaccination therapy in cancer patients are promising, the overall clinical outcome is not satisfactory yet. 20 Previously, we have shown that mature DCs have the potential to revive impaired MiHA-specific memory T cells from relapsed leukemia patients. 26 However, mature DCs do not only express costimulatory molecules, but also highly express PD-L1 and PD-L2, which may inhibit their stimulatory capacity upon encounter of PD-1 ϩ alloreactive CD8 ϩ T cells. Here, we investigated whether PD-L1 and PD-L2 knockdown in DCs results in improved T-cell stimulation. We silenced PD-L1 and PD-L2 expression on monocyte-derived DCs using Stealth Select siRNA duplexes, which have high specificity, longevity and stability, and limited induction of nonspecific cellular stress-response pathways. Optimization experiments revealed that electroporation of iDCs, compared with mDCs, resulted in more efficient siRNA-mediated knockdown of PD-L2 and, especially, PD-L1 (data not shown). Therefore, we decided to continue with iDC electroporation followed by 2 days of maturation using the conventional cytokine cocktail, containing IL-1␤, IL-6, TNF-␣, and PGE2. Testing of 3 different siRNA sequences demonstrated that PD-L2 expression levels could be efficiently down-regulated by all 3 duplexes after one electroporation, while duplex number 2, located on the boundary of exons 2 and 3, was the most efficient PD-L1 siRNA sequence. Our results contrast to findings reported by Breton et al, 
